Abstruct-A silicon array of light intensity sensors is described.
I. INTRODUCTION HIS PAPER presents an array of silicon flip-flop sen-
T sors, such that when the bias of a flip-flop circuit is turned on, their resulting state is very sensitive to the balance of the circuit. A flip-flop, as shown in Fig. l , has two stable states, "one" and "zero". The flip-flop can be brought into an unstable state by switching the bias current off and, after a short time, switching the bias current back on. During the switch-on period, the flip-flop is in the unstable state. Once it is on, it will switch to either a "one" or a "zero". The direction of switching can be influenced by external parameters. For instance, the transistors in the flip-flop can be designed to be sensitive to light. When only one of the two transistors is illuminated, an asymmetry will be created and the flip-flop will switch to a given stable state.
The process in which a flip-flop is brought into an unstable state, with the subsequent switching to a stable state, is repeated periodically with a high frequency. The number of the resulting "ones" is counted and this is a digital measure of the external parameter [l]. The flipflop sensor has the following features: a) a digital output is realized; b) a high threshold-sensitivity , which is defined as the smallest quantity that can be detected, is obtained; c) the system has a simple structure, and d) the flip-flop sensor is suitable for the construction of large sensor arrays.
By virtue of the small size of the flip-flop sensor, a large number of them can be integrated in an array. The device described further in this paper consists of optical sensors. Each sensor consists of two resistors and two silicon phototransistors, one of which is covered by aluminum in order to allow the light to generate an asymmetry in the flipflop. In an early experimental device [2], the sensors were designed to have a fixed threshold level determined by the ratio of the flip-flop load resistances. The new device presented here has an electrically controllable threshold. The 
B. Selection and Bias Circuitry
Current sources are used to provide the bias currents for the flip-flops. Current switches are used to perform the row and column selection. These circuits are very simple and will not be discussed here in detail.
C. Flip-Flop Sensor Array
The electrical schematic of the array is illustrated in There are several ways to operate the array. After each switch-on pulse of Ustb, only one flip-flop sensor (for instance the upper left one in Fig. 4) was read out. Therefore, after one period of the triangle wave, only that one flip-flop measurement was completed. Then, in the second period of the triangle wave the next flip-flop measurement was carried out. The number of periods of the triangle wave necessary to complete measurements for the whole array was equal to the number of flip-flops in the array. However, the duration of the periods of the triangle wave can be shorter, because after each unstable state only one flip-flop needs to be read out. This can, to some extent, compensate the effect of the larger number of periods of the triangle wave on the total measurement time. The advantage of this method is the simplicity. Because only one flip-flop is active at one time, only one counter is needed to count the number of "ones". Another mode of operation is to read out a number of flip-flops simultaneously after an unstable state. This can be done by using one counter for one column of the array. Therefore, in one period of the triangle wave, one row of the array was measured. Then, in the next period the next row was measured. Such a parallel operation greatly increases the speed of measurements. The disadvantage is that more than one counter is necessary.
Finally, all flip-flops can be read out after each unstable state. In this way, only one period of the triangle wave is needed, thus giving this method the potential to be the fastest. However, the counting process will be rather complex and can only be performed through the control of microprocessors.
These operating modes show the flexibility of the device. The mode of operation employed has no conse-quence on the design, as the mode most suitable depends on the specific application.
RESOLUTION OF THE A / D CONVERSION
This section presents an analysis of the resolution of the measurement technique when used for low-signal level high-resolution measurements.
The measurement process is illustrated in Fig. 5 . When the magnitude of the triangle wave is lower than the signal s, the output of the flip-flop will be "zero". When the magnitude of the triangle wave is higher than the signal s, the output will be "one". The total number of "ones" counted during one period of the triangle wave is used as the output. If the offset is zero, the output is then NI = (s + V + ) N / ( 2 V') where V + is the amplitude of the triangle wave voltage, s is the equivalent signal voltage, and N is the number of unstable states during one period of the triangle wave. The offset effectively adds a constant number to NI. Therefore, in practice, this constant number must be subtracted from NI.
The measurement error discussed here is caused by the random noise. In fact, the threshold level of the flip-flop is subjected to random noise. Fig. 5(c) and Fig. 5(d) illustrate this situation. When the magnitude of the triangle wave is lower than the signal, the output has to be a "zero", but because of noise it can be a "one". As a result, N I is not constant but is subjected to random changes. The standard deviation of such random changes is defined here as the error of the measurement.
,--. The larger the number of unstable states taken within a certain measurement range, the smaller the error. This error depends on the noise voltage, the number of unstable states, and the amplitude of the triangle wave voltage. The relation between the error on the one side together with the noise voltage, the number of unstable states, and the amplitude of the triangle wave on the other side is derived in this section. In fact, only the upper limit of the error is presented. The exact value of the error can be calculated by only using complex numerical methods and is not discussed here.
probability for a "one"
A detailed description of how the error occurs can be given using the illustration of Fig. 6 . The x-axis represents the differential voltage consisting of ut, -s, where u t , is the triangle wave and s the signal. In the ideal case (zero noise) when ut, is lower than s u t , -s and is negative, the output is a "zero" as shown by "1" in Fig. 6 .
When ut, -s is positive, the output is a "one". Because of noise, the output can be a "one" even though ut, -s is negative. The curve in Fig. 6 shows the probability of obtaining a "one" against u t , -s. For I ut, -s I 1 3 4 , where U, is the noise voltage, the probability of obtaining an incorrect output is negligible. Thus only those unstable states located within the range 1 ut, -s ( < 3u, are considered. The number of "ones" within this range, on the average, is equal to half the number of unstable states in that range due to the symmetry of Fig. 6 . The error is thus the standard deviation of the number of "ones". The closer to the origin of Fig.   Fig. 6 . Probability (y-axis in % ) of obtaining a "one," versus the differential signal (x-axis, normalized to the noise voltage) U,, -s. The array of "t" and "1" represents the series of "ones" and "zeros" in an imaginary error free situation. In reality the transition from "one" to "zero" changes gradually. The maximum error occurs at U,,, = s = 0.
6 the unstable state is located, the larger the probability is of obtaining an incorrect output. The maximum probability of obtaining an incorrect output appears at the origin and is equal to 50%. An upper limit of the error can thus be derived by assuming that all unstable states have the maximum probability of 50%. The problem is then simplified. For an amplitude of V'
for the triangle wave in Fig. 5 and for the number of unstable states in one period equal to N , the voltage change of the triangle wave between two unstable states is 2
Vf/(N/2). If Nu is the number of unstable states taken within the range of I u t , -s I 5 3u,, then Nu is equal to
If each unstable state has a 50% chance of obtaining a "one", what is then the standard deviation in the counted number of "ones"? The answer to this question is given by
where N ' is the standard deviation in the number of "ones". In one period of the triangle wave, the situation in which U,, crosses s occurs twice and this causes the actual standard deviation is reduced by h. 
The above equations for Ne and U , present the relation between the error on the one side and the noise, triangle wave amplitude and number of unstable states on the other side. For example, when the noise is 20 pV, the amplitude is 20 mV and the desired error is 1 pV, how many unstable states should be taken? Using the relation for U,, the answer is found to be N = 12 x lo5.
The above analysis is suitable for measurements in which the signal level is low and the desired accuracy is high. When the signal level is high and a lower accuracy is sufficient, the number of unstable states N can be smaller. If N is so low that the change in the triangle wave voltage between two unstable states is larger than the noise voltage, then the error is determined by the quantization error and is equal to Ne = 2 V + / N .
IV. EXPERIMENTAL RESULTS
Optical flip-flop sensor arrays based on phototransistors were fabricated in the bipolar process. The devices contain 64 flip-flop sensors organized in 8 X 8 arrays. Each flip-flop sensor consists of two resistors and two phototransistors, of which one is covered by aluminum. The design specifications utilized are given below. 1) A flip-flop sensor size of approximately 250 X 250 pm2 was used. This area is close to the minimum size, which is determined by the bipolar technology design rules.
2) The flip-flop effective sensing area is 3620 pm'. The phototransistor, which is supposed to be covered by aluminum, is not completely covered. There is a small percentage of sensing area left open, due to the necessary spacing between two separate aluminum lines. The effective sensing area is then the difference of the sensing areas of the two phototransistors.
3) Each load resistance of the flip-flop sensors is amplifiers, selection and bias circuitry is 3 X 3 mm2. Extreme care was taken in the design of the layout to minimize the flip-flop area. The fabrication technology determines the area. Efficient design of the layout also has a large influence. The positions and orientation of the transistor collectors, bases and emitters and the resistors must be carefully considered. The undercrossings require ample space and thus require much attention. The diodes connected to the sense amplifiers were integrated in the same island as the transistors. A separate p-type diffusion area fabricated using the base diffusion was used as the p-region of the p-n diode. The n-region is then the island. Such a construction yields a very compact device. Fig. 7 shows a microphotograph of a phototransistor flip-flop sensor. The devices were tested using a microprocessor controlled system as shown in Fig. 8 . The computer controlled the amplitude, the frequency and the starting-point of the triangle wave. The IEEE Interface was used to match the signal levels of the array and the computer. The computer generated the selection signals and read out the results of the array.
The counting was performed by the computer. To each flip-flop, a memory location in the computer was assigned at which the number of "ones" was stored. After an unstable state, the computer decided whether or not to increase the number of "ones", depending on a "one" or a "zero" output. The offset was also stored in the computer and was subtracted from the measured number of "ones".
The flip-flop sensor sensitivity to light intensity is measured for a light wavelength of 638 nm. On the average, the load resistance and the cutoff frequency of the phototransistors, which was 350 MHz. At this speed, SPICE simulation showed that, provided the measurement setup allowed such a frequency, the whole array can operate at a frequency of 625 kHz. The offset, which is determined by the mismatches, is dependent on the fabrication process. Different batches have different offset values. When the fabrication process is successfully performed, the offset will range from 0.1 mV to several millivolts and it occasionally will exceed 10 mV. Although the offset is subtracted from the measurement results, a comparatively small offset i s still very favorable in practice because comparatively small offsets require lower triangle wave amplitudes and yield a smaller change in the offset values when temperature changes. The noise of the flip-flop sensor is measured to be 50 pV.
V . CONCLUSION A silicon light-intensity sensor array is made using switched bias flip-flops. The flip-flops contain bipolar transistors which are sensitive to illumination. A trianglewave voltage is used for analog to digital conversion. Experiments showed that the principle works. The quality of the device depends on the processing. Offset voltages of the flip-flops in the array ranged from 0.1 mV to several millivolts.
